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Abstract 
 
This thesis characterizes the adsorption properties of molecularly imprinted polymers 
(MIPs) for pyrene. MIPs are applied for monitoring organic pollutants such as polycyclic 
aromatic hydrocarbons (PAHs) and can be deployed in freshwater and marine (saline) water 
for detection of anthropogenic impacts. Exploiting a simple, low-tech method is of high 
priority as the fast detection of oil spill sources has become a challenge to analytical 
chemists and environmental scientists. Kinetic tests were conducted employing the 
developed MIPs in our group using an Ultra Performance Liquid Chromatography (UPLC) 
for the measurement of pyrene, PAHs, in both small and large volume studies. 
 
Discussed will be the results obtained from kinetic and equilibrium adsorption 
experiments conducted using these films for measuring pyrene in distilled, tap water, and 
saline water. To gain an insight into the effects of temperature, pH, and salinity, the same 
experiments were conducted at varying temperature, pH, and salinity employing the 
standard batch equilibrium method. This research evaluates the adsorption capacity of the 
obtained polymers as a means to use MIPs for onsite detection without elaborate calibration 
making them suitable for use in early warning systems for oil spills. 
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Chapter 1 
 
Introduction and Literature Review 
 
 
1.1 Introduction 
 
 
Accurate and rapid methods to monitor and measure the level of contaminants in 
seawater must be established in order to meet the discharge and water quality standards [1]. 
Polycyclic aromatic hydrocarbons (PAHs), a large group of stable organic compounds, 
produced naturally, and present in petroleum, are of great concern due to their carcinogenic, 
mutagenic and teratogenic effects [2]. The marine environment is a major concern as it is 
the main receptacle sink for PAH entering from various sources [3, 4]. 
 
Anthropogenic sources include products of petrogenic activities, such as crude oil, 
coke, and aluminum production, catalytic cracking towers, coal-tar pitch, coal gasification 
and liquefying plants, and the incomplete combustion of coal, oil, petrol, wood, gas, and 
the pyrolysis of organic matter [5]. Natural sources include leakage of petroleum or coal 
deposits, volcanic eruptions, forest fires, and hydrothermal processes [5]. Petrogenic 
sources of PAHs in industrial areas have been recorded to be 11.2 times greater than in 
urban areas [5]. 
 
Further study is needed concerning the effects of passive sampling and partitioning 
theory in order to assess the fluctuation of polycyclic aromatic hydrocarbons (PAHs) flux 
with regards to bioaccumulation and ecological risks in marine organisms [6]. Overall, this 
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study highlights an integrated use of passive sampling and monitoring methods as a fast 
and robust tool capable of being applied to assessing the effectiveness of molecularly 
imprinted polymers (MIPs) with quantitative, and qualitative insights in the environment 
port. This section aims at providing a general description and literature review of the 
concepts related to the techniques used for removing PAHs with further discussion on 
current ongoing research in analytical fields. 
 
1.2 Scope and Objectives 
 
Studies have been conducted using MIPs application in industry for PAH detection 
due to their advantage, compared to the conventional solid-phase extraction techniques 
(SPE), including more selective recognition along with high mechanical and chemical 
stability, simple preparation, low cost and minimal loss in operating activities [5, 7-9]. 
 
The main objectives of the research presented in the thesis are: 
 
• To investigate of past studies on water pollution monitoring techniques for PAHs, 
specifically pyrene, through a comprehensive literature review. 
• To design and conduct batch equilibrium adsorption tests using MIPs and to studying 
the effects of varying parameters for pyrene (Initial pH, temperature and salinity). 
• To use adsorption isotherm modeling and kinetic studies to understand the nature and 
extent of adsorption for pyrene. 
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1.3 Thesis Structure 
 
This thesis is divided into four chapters including the Introduction and Literature 
Review (Chapter 1), providing a comprehensive revision on the aforementioned subjects 
(See 1.2). and Conclusion (Chapter 4). Chapter 1 identifies the PAHs relevant to monitoring 
of oil spill in water while providing the context of MIP preparation and analysis. From this 
review, pyrene has been selected as the most representative of fresh inputs of crude oil 
contamination in water, and followingly scrutinized.  
Chapter 2 includes the materials and methods used for objective work. Considering the 
previous reports of PAHs analysis using MIPs, and the current challenges to this type of analysis, 
thin-film MIPs using toluene as the pseudo-template were prepared. The MIP composition has 
been optimized and validated in previous work, for achieving a maximum response, which is yet 
to be measured as the main objective of this work. The applicability, excellent sensitivity, and 
recovery concentrations achieved previously, indicates that MIP compositions proposed can be 
readily used for the current tests.  
Chapter 3 describes the data analyses result and subsequent discussion, explaining the 
effects of three parameters of pH, temperature, and salinity on pyrene adsorption. Chapter 
4 provides suggestions for future work and conclusion over the work that has been done. 
 
1.4 Introduction to the Literature Review 
 
1.4.1 An overview of the importance of marine pollution studies 
 
4  
The health of our marine environment is deteriorating; the condition of marine 
resources, the situation for coastal communities, and associated economies. Marine 
pollution is, one of the major resources for the decline, and is primarily generated through 
inputs of nutrients, sediments, persistent toxic and organic substances [10, 11]. Efforts have 
been made to estimate the economic implications of marine degradation because of concern 
for food security with respect to marine products. Research shows that the coastal capacities 
to accommodate contamination has been reached; hence, there is a need for action [12]. 
Monitoring of marine pollution has been conducted since the early 1970s at national and 
regional levels, and, research results over the last several decades have laid the scientific 
foundation for the establishment of a comprehensive Global Ocean Observing System 
(GOOS). GOOS is being built around 5 modules, addressing the major concerns of oceans 
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and climate, living marine resources, the health of the ocean, marine pollution, coastal 
zones, and weather forecasting [12]. 
 
The ecotoxicology and human health-related issues of PAHs are of paramount 
importance, as some have been implicated as causative agents for lung, breast, esophageal, 
pancreatic, gastric, colorectal, bladder, skin, prostate, and cervical cancers in animal models 
and humans [13]. Acute and sub-acute exposures to PAHs in laboratory animals have 
shown neurobehavioral deficits results; however, several epidemiological studies have 
been conducted in proof of the hypothesis that exposures to PAHs will lead to behavioral 
deficits [14-18]. Most of the published literature on PAHs effects on human health have 
primarily discussed their potential in causing a plethora of cancers-including skin, lung, 
breast, scrotum, bladder, and colon [19, 20]. In addition to cancer, their capacity to cause 
reproductive neurotoxicity has come to attention, recently [21-23]. 
 
Sustainable use of the ocean and coastal areas, along with maintaining a healthy ocean 
must be considered in managing the various sectoral interests and actions of human society. 
An integrated approach to be able to deal with these interdependences is necessary, as the 
existing educational, economic and institutional structures and theories have been 
insufficient [24]. 
 
Scientists have realized that certain chemical pollutants are persistent in the 
environment, accumulate in the air, water, soil, and sediments. These are called persistent 
organic pollutants (POPs) [25]. POPs can be input into the environment from a number of 
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different resources including municipal and industrial waste discharge, surface runoff, 
inadvertent spills, and aerial deposition [26]. Their toxicity and tendency to accumulate in 
food chains make them a matter of concern [27]. 
 
1.4.2 Polycyclic Aromatic Hydrocarbons (PAHs) 
 
PAHs are a family of ubiquitous environmental contaminants consisting of more than 
100 discrete chemical structures [28]. PAHs have a uniquely stable structure and therefore 
persist in the environment [29, 30]. The United States Environmental Protection Agency 
(U.S. EPA) has designated 16 PAH (Table 1-1) compounds as priority pollutants for 
environmental monitoring purposes, including naphthalene, acenaphthylene, 
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 
benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene, dibenz[a,h]anthracene, benzo[g,h,i]perylene, and indeno[1,2,3-cd]pyrene 
[30]. Chemically, PAHs are composed of two or more benzene rings in the linear, cluster 
or angular forms. Their structures and physicochemical constants are given in Table (1-1). 
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Table 1-1 PAHs structures and physicochemical constants [18]. 
 
 
 Compound Structure MW 
 
(g/mol) 
log Kow 
sat 
Cw 
 
(mg/L) 
L
o
w
 M
o
le
cu
la
r 
P
A
H
s 
Naphthalene 
 
 
128.1 3.37 31.0 
Acenaphthylene 
 
 
152.1 4.0 16.1 
Acenaphthene 
 
 
154.2 3.92 3.80 
Fluorene 
 
166.2 4.18 1.90 
Phenanthrene  
 
178.2 4.57 1.10 
Anthracene 
 
 
178.2 4.54 0.045 
H
ig
h
 
M
o
le
cu
la
r 
 P
A
H
s 
Fluoranthene 
 
 
202.3 5.22 0.26 
Pyrene 
 
 
202.3 5.18 0.132 
Benzo[a]anthracene 
 
 
228.3 5.91 0.011 
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Table 1-2 PAHs structures and physicochemical constants [18]. 
 
 
H
ig
h
  
 M
o
le
cu
la
r 
P
A
H
s 
Chrysene 
 
228.3 5.65 0.002 
Benzo[b]fluoranthene 
 
252.3 5.80 0.0015 
Benzo[k]fluoranthene  
 
252.3 6.0 0.0008 
Benzo[a]pyrene 
 
 
252.3 6.04 0.0038 
Benzo[g,h,i]perylene 
 
276.3 6.5 0.0003 
Dibenz[a,h]anthracene  
 
278.4 6.75 0.0006 
Indeno[1,2,3-cd]pyrene 
 
 
276.3 7.66 0.062 
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PAH mobility in seawater is limited due to physicochemical properties, including low 
volatility, high lipophilicity, and low aqueous solubility [31]. Their fate in the marine 
environment is determined by two of these major physicochemical properties: solubility 
and vapor pressure [32]. It is worth mentioning that low exchange of water leads to 
increasing levels of PAHs. Temperature change reflects a significant effect on degradation, 
evaporation, and PAHs partitioning [40]. Temperature and salinity are the primary factors 
contributing to PAHs dissolution, adsorption, or transport in the marine ecosystem. PAH 
solubility in seawater increases with temperature and decreases with an increase in salinity, 
which is known as the “salting out” effect. Solubility also decreases with the increase in 
PAHs molecular weight and alkylation [33]. The structure of PAHs (relative positions of 
carbon atoms which constitutes this structure) determine their biological activity [13, 34]. 
 
PAHs are seldom released into the environment as individual compounds. PAHs 
typically coexist with a myriad of compounds including heavy metals, heterocyclic amines, 
and their own chlorinated, methylated, and alkylated analogs which are environmentally 
more persistent than the native PAHs [13]. High temperature increases the evaporation of 
PAHs fraction and decreases their sorption [35, 36]. Low temperature, in contrast, 
decreases solubility but increases deposition and adsorption, affecting their weathering 
process and leading to an increase in their lifetime [37]. 
 
Another important physiochemical property of PAHs is the octanol-water partition 
coefficient (KOW), which is the ratio of the concentrations of a solute in immiscible octanol 
10  
𝑤,𝑠𝑎𝑙𝑡 
 
and water phases at equilibrium condition [38]. This property is a good indicator of the 
solute’s relative lipophilicity or hydrophobicity [39]. PAHs are considered large apolar or 
weakly mono-polar compounds, for the reason that they do not readily partition to the water 
phase from an organic phase. As the number of benzene rings increasing, the partitioning 
coefficients increase gradually, and subsequently lower levels of larger PAHs will be 
detected in the water phase [40]. 
 
The salinity of seawater also impacts solubility. The saturated concentration of a 
solute in a saline aqueous phase (𝐶𝑠𝑎𝑡 ) can be calculated as: 
 
𝐶𝑠𝑎𝑡 = 𝐶𝑠𝑎𝑡 ⨯ 10-K [salt] 𝑤,𝑠𝑎𝑙𝑡 𝑤 (1-1) 
 
 
Similarly, the resultant partitioning coefficient (Kow, salt) can be calculated as: 
 
 
Kow,salt = Kow ⨯ 10K’[salt] (1-2) 
 
 
Where [salt] is the salinity of seawater (mol/L), Cw,sat is the saturated solute 
concentration in pure water, and the K' is the Setschenow constant or salting constant 
(L/mol). Therefore, Log (Kow, salt) = Log (Kow) + K'[salt]. 
 
Generally, PAHs are of low vapor pressure and aqueous solubilities, which decreases 
for each additional ring, or increased molecular weight; however, due to being highly 
soluble in water, low-molecular-weight PAHs, such as naphthalene, are dissolved in water 
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and could be transported to greater distances such as offshore, and polar regions through 
the movement of water masses [24, 42]. 
 
1.4.3 Sources of PAHs in the marine environment 
 
Water is recovered from oil and gas wells on offshore platforms is termed "produced 
water" (PW), representing the largest volume of waste from production operations [41]. 
PW mostly contains organic materials of water-soluble low molecular acids and 
monocyclic aromatic hydrocarbons, including the concentrations of total PAHs, ranging 
from about 0.04 to 3 mg/L, as well as inorganic salts. The considerable concern about PW 
disposal is the result of the potential danger of chronic ecological damage [42]. PW and 
refinery effluents discharge PAHs into industrial bodies of water, while local discharge 
reuse distributed discharges [13]. They can also be released into the environment through 
volcanic eruptions, forest fires, coal and wood burning, incineration of municipal refuse, 
and expulsion of fumes from manufacturing industries such as coke, aluminum, graphite- 
electrodes, and petroleum [43]. A significant amount of PAHs carried to surface waters by 
sewers from urban run-off, petrogenic natural processes, roads, parking lots, roofs, and 
sidewalks. Mobile PAHs are deposited on surfaces, and rainfall acts as the transport 
mechanism that introduces toxic substances to the receptors. 
 
Concentrations of total PAHs in raw municipal wastewaters, which is another source 
of PAHs in surface waters, have been found to vary significantly, depending on the amount 
of industrial effluents co-treated with domestic wastewaters. Treated wastewaters usually 
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contain PAHs at much lower concentrations due to their removal by particles adsorption, 
volatilization, or biodegradation [43]. The high-molecular-weight PAHs are sparingly 
soluble in water and tend to associate with particulate matter. Hence, high-molecular- 
weight PAHs in marine waters are indicative of leading local inputs [24]. Higher 
concentrations of PAHs in urban run-off were found during autumn and winter due to the 
high incidence of vehicles in the streets, along with the use of heating systems [44]. 
 
Crude oil contains high levels of PAHs, but the relative concentration of each 
compound is highly dependent on the type and origin of the oil. Refining and petrochemical 
plant waste oils have been estimated to contribute ∼ 200,000 metric tons of petroleum 
products and crude oil to the world's oceans annually [45]. Although specific sources are 
known to be responsible for the presence of PAHs in surface waters, their occurrence 
cannot always be related to a particular source. This is because of the fact that the currently 
available analytical techniques are limited. 
 
The presence of PAHs in drinking water may also be due to the surface or 
groundwater used as raw water sources, or to the use of coal tar-coated pipes in public water 
supply systems, as is permitted in certain countries. Regarding the chlorination of drinking 
water, it has been found that this disinfection technique may lead to the formation of 
oxygenated and chlorinated PAHs, which are compounds that are more toxic than the parent 
PAHs. Depending on the surface water treatment process, different levels for PAHs in 
surface waters would be resulted [46]. 
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With respect to human body burdens of PAHs, lifestyle/domestic activities such as smoking 
and cooking contribute significantly to the accumulation of PAHs. The PAH signature from 
one source can be mistakenly be identified from another source, studies show that the 
majority of PAHs emissions result from industrial and human activities [47-51]. 
 
PAHs concentrations in bodies of water in different geographical regions are 
presented in Figure (1-1), which clearly shows a higher level in the waters of developing 
nations, which mainly due to industrial discharges and specific petroleum sources [13]. 
PAHs contamination is a risk from industries such as power and desalination plants, 
petrochemical and fertilizers industries, and shipping tankers introducing innumerable 
minor oil spills [49]. 
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Figure 1-1 Global Environmental Distribution and Human Health Effects of Polycyclic 
Aromatic Hydrocarbons [24]. 
 
There have not been sufficient studies done on the effect of extreme temperature and 
salinity on the composition and concentrations of PAHs [52]. Most of the existing studies 
on composition and distribution of PAHs were based on single sampling and reported only 
the 16 EPA priority pollutant PAHs with the lowest link to current environmental 
conditions [52-54]. Recognizing the effects of temperature and composition on relative 
PAHs levels is crucial, and that is why a number of studies have been done observing the 
seasonal changes in PAHs composition and level changes in coastal sediments. From the 
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risk reduction perspective, human exposure to diffuse sources of PAHs such as automobile 
emissions, refuse burning, and residential wood burning are all of the equal importance 
[24]. Data achieved from the present literature review not only advance the knowledge on 
a critical environmental issue but also on the modeling studies of PAHs under varying 
environmental setups [49]. 
 
1.4.4 Why PAHs are problematic, with a focus on pyrene 
 
Chronic exposure to even low concentrations to PAHs has been reported to have 
resulted in long-lasting damages such as cancers of the skin, lung, breast, scrotum, bladder, 
and colon, etc. PAHs concentrations/doses and the duration for which humans and wildlife 
are exposed to will have a huge impact on the health of the ecosystem and people living 
close to industrial sites or petroleum refineries [13]. The toxicity of these contaminants at 
low concentrations has attracted interest in environmental analysis and monitoring of trace 
pollutants in both drinking water and wastewater. However, the concentration of pyrene is 
lower than the detection limit of the usual spectroscopic methods and techniques used. 
Therefore, more applications of the instruments, namely: HPLC and liquid 
chromatography- fluorescence detection (LC-FLD), are to be discovered for pyrene 
detection [55]. 
 
In order to maintain a well-balanced ecosystem, identifying the possible contaminant 
sources of these contaminants is a must. That is why a continuous real-time monitoring 
system has been utilized in the study conducted by Hernandez-Ramirez for the provenance 
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of pollutants of the river. The more fascinating ability of the system is the ability to measure 
various water quality parameters, including temperature, pH, conductivity, turbidity, and 
dissolved oxygen, every 15 minutes. With these being said, the assessed results will be able 
to provide valuable information for both managing the river water quality and developing 
strict government policies for the sustainable conservation of specifically Atoyac River 
[56]. 
 
Containing harmful effects on ecosystem and organisms, PAHs carcinogenic potential 
is being assessed using a toxic equivalency factor, with the maximum being assigned to 
Benzo [a] Pyrene (BaP) and BaP equivalents. Risk quotient value is another factor potential 
of risk posing of certain PAHs. It must be kept in mind that different environmental 
matrices reveal different exposures; henceforth, considering the PAHs distribution 
pathways is of paramount importance [57]. Mahanty et al. used pyrene as the model 
compound for PAHs as its structure is found as a substrate of many PAH compounds [58, 
59]. Kazunga et al. have studied the extracellular effects of pyrene metabolites from the 
partial transformation of one PAH substrate being able to decrease the metabolism of 
another PAHs with regards to their degradation [60]. In drinking water, the detected PAHs 
in the highest concentrations are fluoranthene, phenanthrene, pyrene, and anthracene [61]. 
 
Pyrene, as a major component of the PAH compounds, with four benzene rings and a 
flat aromatic system, has been of more consistent concentration in lakes and seawater. This 
makes more sense for pyrene to be the topic of most of the current studies. Makelane et al. 
developed and calibrated a dendritic electrochemical pyrene sensor, and applied it for 
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determination of pyrene in oil-polluted seawater following the United States Environmental 
Protection Agency's (EPA's) guidelines [55]. 
 
Stinga et al. investigated pyrene related experiments by using the measurements of 
UV-vis absorption, steady-state and time-resolved fluorescence, to further use the outcome 
for biomedical applications or wastewater treatment. In this specific work, they have 
devoted to investigating the aggregation state of the polymer using the fluorescence 
technique, which is both easy to operate and highly sensitive [62]. At the same time, this 
instrument is highly recommended for this PAH, due to its photophysical properties like 
high absorption coefficient, high fluorescence quantum yield, long excited-state 
fluorescence lifetime and remarkable monomer emission sensitive to the microenvironment 
changes. 
 
1.4.5 PAHs detection and measurement in the marine environment and limitations 
 
The interest of authorities in analyzing marine matrices began in the 19th century 
when the first oceanographic and fisheries laboratories were established for the analysis of 
seawater oxygen, pH, temperature, and composition (salts), as well as algae, bloom 
production measurements. This was because of growing populations and inadequate 
techniques for measuring treatments of domestic and industrial sewage [63]. 
PAH detection and measurement are typically done using gas chromatography-mass 
spectrometry (GC-MS) [64-66]. However, due to the complexity of matrices and low PAHs 
content, a high-efficiency clean-up pre-concentration procedure is required [67, 68]. 
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Several pre-treatment processes for PAH extraction have been established, including 
liquid-liquid microextraction (LLME), solid-phase extraction (SPE), and solid-phase 
micro-extraction (SPME) [69-73]. 
SPE has been one of the most widely deployed methods for PAHs concentration in 
water sampling, because of its advantages. Its deficiencies include the use of traditional 
sorbents, which can have low adsorption capacities and selectivity. Nevertheless, the 
advantages, which are the great accuracy, safety, faster protocol, and considerable 
recoveries, outweigh its deficiencies [70, 71, 74-76]. 
 
Since the 1960s, chromatography has been an important tool in marine laboratories, 
and marine laboratories involved in the analysis of various types of contaminants and 
nutrients including PAHs. Column chromatography and liquid chromatography (LC) 
techniques have mainly used the clean-up phase, while gas chromatography (GC) has been 
extensively used in the final determination of these contaminants [63]. GC has been used 
in PAHs separation since the 1950s and 1960s with later and current work being conducted 
using capillary columns [77]. LC provides a cost-effective alternative for compliance 
testing or screening applications. Liquid chromatography also requires a huge amount of 
solvent and is time-consuming [63]. 
 
Rapid and cost-effective analytical methods, such as synchronous fluorescent 
spectroscopy (SFS) or fixed excitation/emission wavelength fluorescence (FF) both 
estimate PAHs metabolite concentrations in diluted bile samples without any previous 
chromatography separation and represent a suitable initial screening method [78, 79]. 
19  
 
Ultrasonic extraction, supercritical fluid extraction (SFE), accelerated solvent extraction 
(ASE), and microwave-assisted solvent extraction (MASE) are other sample preparation 
methods being deployed [63, 80-83]. 
 
Another spectroscopic method recently deployed to measure PAHs in situ is Surface- 
enhanced Raman scattering (SERS). Schmidt et al. applied SERS to detect six PAH species 
with a flow-through system at low concentrations of a few nanograms per liter. The high 
specificity and fingerprinting characteristics of Raman spectra is the reason behind the 
feasibility for substance identification in mixtures, which takes only 3-10 seconds. This is 
another reason making it suitable for in-situ measurements. The multiparametric in-situ 
spectroscopic measuring platform for coastal monitoring (MISPEC), being developed 
based on SERS, has been deployed for finding PAHs in harbour waters [84]. Mainly suited 
for stationary measurements, this sensor can still be improved in the sense of response time 
by addressing the sensors’ surfaces. This would make SERS a capable tool for profiling 
while decreasing the detection limit to further reducing the power and weight consumption 
of the instruments [84]. 
 
A wide scope of in situ monitoring systems for measuring concentrations of various 
PAHs have been developed in recent decades; however, many of them are only at the 
laboratory or prototyping stages and require more time to be fully developed into 
commercially available products [85]. Harsh conditions in the marine environment also 
limit the application of these sensors. Research needs to be dedicated to deployment, 
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validation, and inter‐calibration between sensors and other analytical measurement 
techniques [85]. 
 
Molecular imprinting as a versatile method for creating macromolecular pores 
matrices capable of displaying selective molecular recognition behaviour has recently 
surged [86]. Simple and low cost to prepare as well as being robust makes them ideal 
alternatives for molecular recognition [86]. This promising technology has yet to realize its 
full commercial potential, which will require the provision of a clear understanding of how 
physical factors affect the polymerization process and other fundamental parameters 
required in order to produce the artificial receptor reliability [87]. 
 
1.5 Molecularly Imprinted Polymers (MIPs) 
 
The concept of molecular imprinting was initially proposed in the 1930s by Polyakov 
using silica particles. Since then, there have been significant advances in a number of 
aspects of imprinting of materials for selective recognition, including various templates 
ranging from metal ions, small molecules, peptides, proteins, and nucleic acids, to whole 
cells [88]. Wulff and Klotz in 1972, first demonstrated imprinting with organizing polymers 
and the idea of molecularly imprinted polymers (MIPs) [89, 90]. Molecular imprinting was 
inspired by the bio-interaction of “antigen-antibodies”, and is used as an artificial polymer 
receptor. MIPs are capable of molecular specific recognition through their functional 
nanocavities. They possess various superiorities in many real-world bioanalytical and 
biomedical approaches, such as low price, easy synthesis, good 
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repeatability, and considerable stability under harsh conditions when compared to 
biologically derived ligands such as antibodies [91-93]. Their main application involves 
chromatography, solid-phase extraction, biosensors, therapeutics, organic synthesis, and 
catalyses [94-99]. 
 
Numerous review studies about MIPs have been conducted, mostly as general 
introductions to the idea of imprinting and often describing chiral recognition. MIPs 
characterization, optimization, and evaluation are of priority in these studies[100-106]. 
Primarily, molecular imprinting refers to the polymerization of functional monomers in the 
presence of a template molecule. Imprinting between the template and functional monomer 
is dependent on the formation of a pre-polymerization complex around the template, 
imprinting the shape of the template within the polymer matrix upon polymerization. After 
template removal, the resulting cavities of MIPs are able to selectively rebind the template 
or related analogues, in this work, the targets are PAHs [107]. 
 
SPE is one of the most useful sample pretreatment/enrichment methods that MIPs 
have incorporated, thus it is a very active subfield within MIP research [108-110]. The 
potential of MIP‐based analytical techniques in bio‐ and pharmaceutical analysis was 
reviewed by Owens, et. al [101]. These techniques are primarily utilized in areas such as 
SPE sorbent, the stationary phase for HPLC and cation-exchange columns, and as the 
recognition media in affinity analyses [97]. The demand for a pure template in a large 
quantity is regarded as the primary obstacle for MIP utilization, except in clinical 
approaches [97]. 
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Despite being a synthetic host system capable of recognizing and binding the target 
molecule, one of MIPs challenges is their wide scope of affinity and selectivity; 
consequently, considerable attention has been allocated to molding desired recognition sites 
[111, 112]. Some of the work being conducted in this category includes the use of a metal 
ion as self-assembly pivot, auxiliary monomers, and optimization of polymerization 
temperature, as well as the strategy of molecular crowding [113-116]. 
 
1.5.1 MIP Preparation 
 
MIPs are prepared by a template-directed polymerization method., which involves a 
template-monomer pre-assembly stage using a functional monomer exploiting certain 
driving force(s), such as covalent bonding, hydrogen bonding, van der Waals forces, ionic 
interactions, metal coordination interactions, or hydrophobic effects. Subsequent 
copolymerization of the monomer-template complex with a crosslinking monomer is 
applied using a proper porogenic solvent. Despite the high specificity and affinity, covalent 
imprinting still suffers from template removal, slow binding kinetics, and limited template 
types [117, 118]. Noncovalent binding relies on weaker intermolecular interactions like 
hydrogen bonding, van der Waals forces, electrostatics, and hydrophobic forces. After the 
template removal from the resulting crosslinked polymer networks, MIPs with binding sites 
complementary to the template in shape, size, and distribution of functional groups will be 
obtained, with different selective template recognition capabilities [119]. 
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Despite the significant progress made in MIPs development approaches, challenges 
still exist, such as the development of MIPs capable of selective recognition of small 
organic molecules in complex aqueous solutions [120]. Given that many real-world 
bioanalytical and biomedical applications are particularly dependent on aqueous systems, 
some useful strategies have been proposed for preparing water-compatible MIPs. These 
include improving their surface hydrophilicity, which reduces their hydrophobicity- 
induced nonspecific binding in aqueous media. Another approach includes the introduction 
of hydrophilic functional groups onto MIP surfaces by using hydrophilic functional 
monomers, crosslinkers or comonomers, or via surface chemical modification [120]. 
However, there are other challenges regarding MIPs relatively low binding performance, 
or low imprinting factor, which is defined as the binding affinity ratio of imprinted over 
nonimprinted polymers [121]. 
 
1.6 MIPs advantages in PAHs detection 
 
According to the comprehensive literature review conducted by Vasapollo et al., 
MIPs have advantages in contaminants adsorption process due to their high mechanical 
strength, and resistance to high pressure and temperature, and compared to biological 
recognition material like antibodies. They are also inert with different chemicals (organic 
solvents, acids, bases, and metal ions). Their low production costs and long lifetimes at 
room temperature are additional benefits [97]. 
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Potential applications of MIPs in various fields related to molecular recognition 
cannot be understated; these include separation and purification, biomimetic catalysis, 
chemo-sensing, and various biomedical applications, such as pseudo-immunoassays, drug 
delivery, and biomimetic nanomedicine [119]. MIPs have been used for separation of 
benzo[a]pyrene (BAP) from water and coffee samples, showing high-efficiency results 
with 4-VP –co- DVB polymer. The aforementioned study was aimed for BAP enrichment 
from tap water, lake water, and instant coffee samples, where no sample pre-treatment is 
required apart from filtration [122]. 
 
Reddithota studied the feasibility of PAHs removal from water by MIPs using 
groundwater spiked with PAHs while taking advantage of MIPs’ reusability without any 
deterioration in performance, reported in at least ten repeated cycles [123]. Matsui et al 
have studied the use of an atrazine-MIP, prepared by suspension polymerization, for 
selective extraction of the related triazine herbicide simazine from water [123]. 
 
Adsorption, one of the most widely used technologies, especially in the environmental 
protection field, use the experimental data to model and predict the mechanism. Several 
models can be used to correlate the obtained data, namely: Langmuir, Freundlich, and 
Dubinin-Radushkevich, BET, and Langmuir- Freundlich (Sips). The next step is the error 
analysis to be undertaken upon the correlation coefficient (r-squared) and standard errors 
(S.E.). The model having the highest relative r, squared value, and smaller S.E. will be 
determined as the best fit, for the equilibrium predictions [124]. 
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Most binding models applied to MIPs are homogeneous, whereas, MIPs are 
heterogeneous materials containing binding sites with a wide array of binding affinities and 
selectivity. MIPs binding behavior can be accurately modeled and demonstrated by the 
heterogeneous hybrid Langmuir−Freundlich (LF) isotherm by using five representative 
MIPs, both homogeneous and heterogeneous [125]. Such comparisons have required the 
use of several different binding models and analyses, including the Langmuir and the 
Freundlich model, alongside with numerical approximation techniques. In contrast, the LF 
model enabled direct comparisons of MIPs binding characteristics under different 
conditions having very different underlying distributions [125]. LF fitting coefficients yield 
a measure of the total number of binding sites, mean binding affinity, and heterogeneity 
using binding parameters calculations, with respect to association constant. Moreover, a 
unimodal heterogeneous distribution is an accurate approximation of the distribution found 
in homogeneous and heterogeneous MIPs [125]. 
 
Over the years, a wide variety of kinetic models, such as pseudo-first-order (PFO), 
pseudo-second-order (PSO), Langmuir, Freundlich, Elovich, Flory-Huggins, and Dubinin- 
Radushkevich, Temkin, and Hill have been formulated as two-parameter models for 
adsorption isotherms. Likewise, several reviews have been conducted over three-parameter 
adsorption models (Redlich-Peterson, Sips, Toth, Koble-Corrigan, Khan, Radke- 
Pirausnitz, Brunauer-Emmett-Teller, Frenkel-Halsey-Hill) to study multi-layer 
physisorption. [126]. In this case study, however, two-parameter models were analyzed. 
MIPs, artificial antibodies, have long been distinctive due to their robustness, storage 
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endurance, short development time, and high selectivity for the target molecule. There are 
conditions that can affect their extraction efficiency, including the PAHs concentration, 
media condition such as pH, temperature, and salinity. The equilibrium time will be 
evaluated based on these conditions. This method can be applied to determining probable 
PAHs in industrial zones, namely: environmental monitoring, food, and beverage analysis 
and industrial process surveillance [127-129]. 
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Chapter 2 
 
Materials and Methods 
 
 
2.1 Introduction 
 
Understanding the operative processes for the fate and transport of PAHs from 
numerous sources has been a national issue, including municipal waste disposal, industrial 
discharges, accidental spills, leaky underground storage tanks to mitigate PAHs exposure 
risks to humans and the environment, as well as assessing efficient, cost-effective rectifying 
strategies [130]. Sorption has always been the primary chemical control process over these 
contaminants fate and transport. The main controlling sorption factors include the 
hydrophobicity of the solute, mineral composition, and the surface area of the sorbent, and 
its secondary factors consist of sample temperature, salinity, and pH [131-134]. 
 
The annual mean temperature of saturated groundwater regimes in the northern 
United States and Canada is ∼10°C; however, most laboratory sorption experiments are 
performed at room temperature ∼25°C, which is higher than groundwater temperatures 
[135]. The equilibrium and kinetic parameters determined at this condition may not be 
applicable to real systems at lower temperatures. This is why adsorption kinetic 
experiments have been done as a function of temperature: to probe the feasibility of MIPs 
for the purpose of adsorption [136, 137]. 
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pH sensitivity has not been thoroughly investigated for MIPs based on 4-VP. 
However, a reasonable explanation might well be that the highly cross-linked structure of 
MIPs restricts the pH response. It is worth mentioning that in order to obtain rigid 
recognition sites, a large amount of cross-linker is required in the synthesis of MIPs, 
commonly 1: 4: 20 for the molar ratio of template to the functional monomer to cross- 
linker. Mobility of the ions and pyrene in the sample, their density charge, presence of 
ligands in the solution, as well as protonation that leads to less available retention are all 
the factors that should be considered in this case [138, 139]. 
 
There has not been sufficient work performed concerning the effects of temperature, 
pH, and salinity on the kinetics of sorption of PAHs, especially pyrene, to model MIPs. 
This study seeks to quantify the effect of the aforementioned parameter on the magnitude 
and rate of sorption of pyrene, specifically. Batch sorption experiments were performed as 
the technique for determination of equilibrium distribution coefficients and sorption rate 
constants at 4, 10 and 35 °C. The resulting constants/coefficients may be used as process- 
related parameters in contaminant transport models to help predict the MIPs accessibility 
over the PAHs measurement in groundwater [130]. 
 
2.2 Materials 
 
Pyren standard (99%) was purchased from Sigma-Aldrich (St. Louis, Mo, USA) and 
used without further purification. All organic solvents (toluene, acetonitrile, methanol) 
were of HPLC grade or higher and purchased from Fisher Scientific. All compounds used 
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in the preparation of the thin-film MIPs, including the 2,2-dimethoxy-2- 
phenylacetophenone (DMPA) initiator, ethylene glycol dimethacrylate (EGDMA) cross- 
linker, 4-vinyl pyridine (4-VP) monomer were purchased from Sigma-Aldrich and were 
used without further purification. A stock solution of 110 ppm pyrene in acetonitrile: water 
(v:v, 80%:20%) was prepared and working solutions were prepared by appropriate dilution 
of the stock solution with water. The prepared MIPs were utilized for the following 
experiments, considering their net weight as the adsorbate. 
 
2.3 Preparation of MIP films 
 
Cut glass microscope slides were prepared in sizes of 18 ⨯ 30 mm by washing in 
acidified water with methanol and drying with a flow of nitrogen. The pre-polymerization 
solution was prepared by pipetting 4.25 µL toluene, as the pseudo- template, 17 µL 4-VP, 
151 µL EGDMA, 200 µL 1-octanol, and 3.2 mg DMPA into a 2-mL vial. 
 
An 8.0-μL aliquot of the pre-polymerization solution was dispensed on the frosted 
glass surface and covered with a glass microscope cover-slide of 18 ⨯ 18 mm size, to 
minimize oxygen interference in the polymerization process. Then, the slides were placed 
directly under a handheld UV lamp (λ = 254 nm, 6 watts) at ambient temperature (~20 °C) 
for 40 minutes. Subsequently, the imprinted polymers were soaked in methanol for 30 
minutes to remove the pseudo-template. 
30  
 
2.4 Batch kinetic experiments 
 
The stock solution of pyrene was diluted by adding specific amounts of water to yield 
working solutions of 10.0, 25.0, 50.0, and 100.0 ng/mL. Based on a calibration curve from 
UPLC analysis of pyrene, in order to study the aforementioned parameters, a concentration 
of 25.0 ng/mL was chosen. 
 
The impact of adsorption parameters including pH, temperature, and salinity, were 
studied. Each parameter was studied while keeping other factors constant. For the 
adsorption isotherm experiment, the MIPs were immersed in 20.0-mL of aqueous pyrene 
solution in a disposable scintillation vial under continuous stirring at 1400 rpm using 
Teflon-coated stir bars at room temperature (~20 °C) for specified time intervals. The MIPs 
were then removed from the vials at different time intervals, rinsed with a small volume of 
distilled water and dried at room temperature. The adsorbed pyrene was then extracted into 
4.0-mL of methanol using a vortex for 30 minutes at 1400 rpm. The solution was filtered 
through a 0.22 µm filter into a 2.0mL vial for analysis. The MIPs were soaked in methanol 
for 1 h for regeneration and subsequent reuse. 
 
2.5 pH experiments 
 
The solution pH effect on pyrene adsorption at pH 3.5, 7.0, and 10.5 was examined. 
An aqueous pyrene solution of 25.0 ppb for adsorbate mass of 2.5-3 mg over 300 minutes 
of stirring, at a rate of 1400 rpm. Each of the adsorption tests was replicated five times. The 
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pH of the samples was adjusted using a 1M HCl solution and 1M sodium hydroxide, both 
prepared in distilled water. 
 
2.6 Large scale system experiment 
 
The same adsorption/desorption experiments were done, but in larger volume 
(aquarium with a volume of 29.4 liters), using tap water with pyrene from a stock solution 
(110 ppm), with 3 replicates. A holder for 33 MIPs was used to keep the MIPs in the same 
position for time intervals of 15, 30, 60, 120, 180, 240, 300, and 360 minutes, and then runs 
of 12, 24, 36, and 48 hours were conducted to make sure that equilibrium had been reached. 
During the experiment, the concentration of the tap water was checked to keep the tank 
concentration at 10.0 ppb. Additional pyrene was spiked during the experiment to make 
sure the concentration in solution remained constant. In each run, the three MIPs were 
removed, and desorption and analyses were conducted on each. 
 
2.6.1 PAH Analysis 
 
The adsorbed concentrations of pyrene on MIPs were measured by UPLC (Waters 
Acquity) equipped with a PDA detector and a 50 mm × 2.1 mm BEH C18 column, using 
acetonitrile with 0.1% formic acid as the mobile phase at a flow rate of 0.400 mL/min. The 
PDA was set to monitor a single wavelength for pyrene at 272 nm. Calibration of the UPLC 
was performed by injecting standard solutions at five different concentrations. 
Identification of analytes was based on the retention time for pyrene. Concentrations of 
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PAHs are reported as ng pyrene per mg on a dry polymer film mass. For quality 
assurance/quality control studies, analyses included triplicate injection of each sample. 
 
2.6.2 Data Analysis 
 
The removal efficiency (RE) of pyrene, and the capacity can be calculated using the 
following equation: 
 
𝑚𝑝𝑦𝑟𝑒𝑛𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑜𝑛 𝑀𝐼𝑃 
𝑅𝐸 = ⨯ 100% 
𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑦𝑟𝑒𝑛𝑒 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
(2-1) 
 
𝑚𝑝𝑦𝑟𝑒𝑛𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑜𝑛 𝑀𝐼𝑃 
Q(t) =  
𝑚MIP 
(2-2) 
 
Additionally, the Langmuir, Freundlich, and Langmuir- Freundlich isotherms were 
used in adsorption isotherm analyses, demonstrated by the following equations: 
 
 
 
 
 
 
𝑚𝑎𝑥 𝑒 
 
 
 
 
 
  
 
 
In the above equation, Qe (ng/mg) is the equilibrium capacity of the correlated MIP, 
 
1 1 
Qmax (ng/mg) is the maximum MIP capacity, KL (mL/ng), KF (𝑛𝑔
(1−𝑛).𝑚𝐿𝑛
) is the Langmuir 
𝑚𝑔 
 
and Freundlich constants that express surface adsorption capacity, and n is the constant 
showing the intensity of surface adsorption. 
𝑄𝑒 = 𝐾𝐹 ⨯ 𝐶𝑒1/𝑛 (2-3) 
  
 
𝐾𝐿    ⨯  𝑄𝑚𝑎𝑥   ⨯ 𝐶𝑒 𝑄𝑒   =  (1 + 𝑄 ⨯ 𝐶 ) 
 
(2-4) 
  
 
𝑄 ⨯  (𝐾   ⨯ 𝐶 
1⁄𝑛 
𝐿 𝐿 𝑒 ) 
𝑄𝑒 = 
1 + (𝐾 ⨯ 𝐶 )1⁄𝑛 
𝐿 𝑒 
 
(2-5) 
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The Langmuir model had originally been developed to describe gas–solid-phase 
adsorption onto activated carbon, assuming a monolayer coverage of the solute by the 
sorbent, occurring at a finite (fixed) number of definite localized sites. This empirical model 
considers that the binding sites have the same affinity for adsorption and no interaction 
between adsorbed molecules occurs. It refers to homogeneous adsorption, where each 
molecule possesses constant enthalpies and sorption activation energy (all sites possess an 
equal affinity for the adsorbate) [140-143]. 
 
The Freundlich isotherm model, the earliest known relationship between non-ideal 
and reversible adsorption processes, accounts for heterogeneous adsorbent surfaces and 
non-uniform binding sites distribution. This model is not restricted to the monolayer 
formation, demonstrating the ratio of the adsorbate onto a given mass of adsorbent to the 
solute, which is not a constant at different solution concentrations. Therefore, the adsorbed 
amount would be the summation of adsorption on all sites (each site having bond energy), 
with the stronger binding sites are occupied first, until adsorption energy is exponentially 
decreased upon the completion of the adsorption process [144-147]. 
 
To study adsorption kinetics, the PFO model was used. The PFO kinetic model 
equation is as follows [148] : 
 
𝑄(𝑡) = 𝑄e ⨯ 𝑒−𝑘1.𝑡 (2-6) 
 
 
The variable Q(t) (ng/mg) is the adsorbent concentration at any time t (min), and k1 
 
(min−1) is the constant rate of the PFO equation. 
34  
 
The PSO kinetic model equation, given below shows Qe as the adsorbent 
concentration at equilibrium, and K2 (mg/ng.min) as the PSO equation constant rate [148]: 
 
Qe2 ⨯ 𝐾2 ⨯ 𝑡 
Q(t) = 
Qe ⨯ 𝐾2 ⨯ 𝑡 + 1 
(2-7) 
 
 
Comparing the results, we can conclude the type of adsorption: chemisorption or 
physisorption. Chemisorption, or chemical adsorption, involves valence forces, the same 
as those operating in the formation of chemical compounds; whereas physisorption takes 
in intermolecular or van der Waals forces. Each of the phenomenons is characterized by 
either chemical or physical specificity. The obvious distinguishable feature between them 
is the reversible capability, which does not exist for chemisorption. 
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Chapter 3 
 
Results and Discussion 
 
3.1 The Effect of pH on pyrene adsorption by MIPs 
 
As described in the Materials and Methods, a simple concept was used to generate 
results demonstrating the competitive pH effect. Further data from pyrene adsorption is 
summarized in Figure (3-1) in the form Recovery% vs time, and Figure (3-2) as a function 
capacity vs time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1 MIPs Recovery% as a function of pH at different time intervals. 
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Figure 3-2 MIPs capacity as a function of pH at different time intervals. 
 
According to the figures, MIPs would operate more efficiently in neutral water 
samples as compared with acidic or basic water. The maximum capacity reached was 
180.76 ng/mg at pH = 7.0. Comparing the results obtained from each graph, the rate of 
adsorption is also faster at pH=7.0; whereas, in the other two conditions, the rate is almost 
the same. It can be concluded that despite the slight differences in adsorption behavior 
observing from percent recovery and capacity graphs, acidic and basic conditions do not 
lead to an improvement, and MIPs operate better in the neutral condition. The reason behind 
this incident might be due to the deprotonation of the surface. 
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This phenomenon of not observing an actual change in the rate can be explained by 
the net charge of pyrene and MIPs at different pH values. In the family of PAHs, pyrene 
itself is known as an electron donor; however, due to the lack of functional groups, no 
remarkable discussion can be conducted on its ionic interactions [149]. In acidic or basic 
condition, more ions may be in the solution that might occupy the sorbent surface, leading 
to less adsorption capacity or recovery. 
 
3.2 The effect of sample salinity on pyrene adsorption by MIPs 
 
In this experiment, solutions with salinities of 0%, 1%, 2%, 3.5%, and 7%, using NaCl 
were with pyrene at 25.0 ng/mL. Figures (3-3) and (3-4) outline the results adsorption as a 
function of time and salinity. 
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Figure 3-3 MIPs Recovery% as a function of salinity at different time intervals. 
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Figure 3-4 MIPs capacity as a function of salinity at different time intervals. 
 
The maximum adsorption capacity of 180.76 ng/mg at a 0.0% salinity. Interactions 
between major ions present in saline water and the polymeric material, in the form of 
rebinding of the polymer to pyrene particles within the solution, are discussed in the 
following paragraphs. 
 
The effect of salt can be also attributed to the dimerization of reactive components in 
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between the molecules in the solution, being reported that they increase upon the addition 
of salt to the solution. It has also been reported that this can be attributed to the aggregation 
of molecules induced by the action of salt ions, as these ions force the molecules to 
aggregate, leading to an increase to the extent of the sorption on the sorbent surface. 
However, the adsorption capacity might be sensitive or insensitive to the ionic strength of 
the solution and pH intensity of the solution [139]. Pyrene participation in water sample 
also needs to be taken into account, especially when equilibrium is reached. 
 
It is also observed that an increase in the salt concentration can increase the percent 
of adsorption recovery by MIPs; however, the increase is less than 10% at the equilibrium 
time. The ions from NaCl were placed between the surface of MIPs and the pyrene 
molecules, producing a screening effect of the surface charge, as well as making the 
adsorbate-adsorbent interactions favored and enhancing pyrene adsorption. The proposed 
mechanisms of the enhanced adsorption involve interactions between water ion and 
adsorbate ion in this system. Sodium chloride dissociates into Na and Cl in aqueous 
solution. There is a strong electrostatic field around the anions and cations being dissociated 
from sodium chloride, which results in the formation of an oriented array of water 
molecules around these ions. 
 
At the same time, the existence of these ions enhances the combining powers between 
water molecules and reinforces the hydrophobicity of the adsorbate in the opposite 
direction being beneficial for adsorption. In addition, the water solubility of the 
hydrophobic compound is reduced by an increase in ionic strength, being known as “salting 
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out” effect, leading to an enhancement of the adsorbate, pyrene, onto the surface of MIPs. 
This study is mainly important for the application of the adsorption process to saline 
industry wastewater treatment systems [150, 151]. 
 
3.3 The effect of temperature on pyrene equilibrium adsorption studies 
 
Two commonly used isotherm models, including Langmuir-Freundlich (Sips), were 
used to fit adsorption data isotherms of pyrene concentrations ranging from 10.0 to 100.0 
ppb, on MIPs, (Fig. 3-5). Table 3-1 outlines the results of the model fits and Figure 4-5 
Compares the models to experimental data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5 Adsorption of pyrene on MIP, experimental data, simulated by Langmuir, 
Freundlich, and Sips isotherms. 
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Table 3-1 Isotherm model parameters for pyrene adsorption from water. 
 
 
 
Langmuir 
 
Freundlich 
Qmax 
(ng/mg) 
 
KL 
 
(mL/ng) 
R2 
 
KF 
 
(ng/mg) 
 
1/n R2 
 
1319.13 
 
66010.0 
 
0.9888 
 
6.358 
 
1.176 
 
0.9992 
  
Langmuir-Freundlich 
 
 
QL 
 
(ng/mg) 
 
KL 
 
(mL/ng) 
 
1/n R2 
 
200.053 
 
240400 
 
0.8635 
 
0.9612 
 
According to the values of R2 in the Table (3-1), the Freundlich model is more suitable 
for describing the adsorption isotherm of pyrene on MIPs. This represents that the binding 
sites have different affinities for adsorption of a multimolecular layer. The value of “1/n” 
indicates favourability of adsorption (>1 indicates favorable adsorption), KF, as the 
indicator of adsorption capacity shows the maximum MIP capacity. However, due to not 
reaching maximum capacity or equilibrium, KF does not make logical sense with what it 
represents; therefore, future work should be mostly dedicated to this part of the study to 
reach equilibrium for data validation. Another worth mentioning fact about this isotherm is 
that it is derived strictly for trace adsorption of an ion participating in an exchange reaction, 
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uniquely corresponding to a distribution of relative adsorption site affinities containing 
empirical parameters for characterizing the size distribution function mathematically. Sips 
isotherm model, is based on the assumption that the MIPs surface is heterogeneous and that 
each class of the sites adsorbs individually accordingly to the Langmuir isotherm [152]. 
 
The results shown in Figures (3-6) and (3-7) illustrate the adsorbed concentration of 
pyrene in different time intervals and varying sample temperatures, by means of capacity 
and recovery% variables. 
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Figure 3-6 MIPs capacity as a function of temperature for initial concentration of pyrene. 
C
ap
ac
it
y
 (
n
g
/m
g
) 
43  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7 MIPs Recovery% as a function of temperature for an initial concentration of 
pyrene. 
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of temperature, if there is any. Moreover, the enthalpy and entropy of the reaction can be 
calculated, consequently. Conducting more experiments in this area, to decide on the ∆G 
also helps figure out the feasibility of the process and the spontaneous nature of the 
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adsorption. The “solvent effect” is the other noteworthy factor to be mentioned, which 
occurs because of pyrene-water interactions leading to a probable change of energies in the 
adsorption of MIP components by water [151]. 
 
3.4 Pyrene adsorption kinetic studies 
 
Adsorption kinetic studies at four different concentrations (10.0 ppb, 25.0 ppb, 50.0 
ppb, and 100.0 ppb) were carried out and two conventional kinetic models (PFO and PSO) 
compared to experimental data. Table (3-2) and Figure (3-8) compares the data to the 
models. 
Table 3-2 Calculated adsorption kinetic model parameters. 
 
 
  
Pseudo-first-order kinetic 
Initial Concentration 
( ng.mL-1) 
 
qe (ng/mL) K1 (min
-1) R
2 
 
10 
 
34.841 
 
0.0033 
 
0.9946 
 
25 
 
64.357 
 
0.0042 
 
0.9944 
 
50 
 
138.66 
 
0.0045 
 
0.9928 
 
100 
 
256.82 
 
0.0042 
 
0.9989 
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Figure 3-8 The application of PFO kinetic adsorption model for experimental data. 
 
The sorption kinetics of pyrene on MIPs fits a pseudo-first-order model, with R2 values 
close to unity for all concentrations. This model can be used to describe and validate the 
experimental data set. Competitive adsorption experiments demonstrate that the 
synthesized MIPs display excellent selectivity toward targeted molecule, which was pyrene 
in this case [153]. 
 
3.5 Results from a large-scale system approach 
 
Studies in an aquarium (volume of 29.4 L) using tap water, on 10.0 ng/mL concentration 
at a stirring rate of 2000 rpm were conducted. According to the data, the equilibrium 
capacity of MIPs has not been reached, indicating probable new binding sites being 
appeared resulting in more adsorption. Hence, more experiments are required to reach 
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equilibrium resulting in the maximum capacity, for the adsorption studies to be based on 
true assumptions. 
 
The results are shown in the graphs below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9 The application of PFO kinetic adsorption model for experimental data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-10 Recovery% change with time on large scale experiment. 
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Table 3-3 Calculated PFO model parameters for a large scale experiment. 
 
 
  
Qe (ng/mg) K1 (min
-1) R
2 
PFO model 
parameters 
 
42.533 
 
0.0014 
 
0.9878 
 
According to the parameters represented in table 3-3, it was determined that the data is well 
suited to PFO model, demonstrating a physisorption reaction. 
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Chapter 4 
 
Conclusions and Future Work 
 
This study explored the characterization of MIPs on distilled water with injected 
pyrene as the studied PAH by deploying laboratory-scale experiments. The equilibrium and 
adsorption behavior topics were studied as a function of time, temperature, salinity and pH 
to determine the adsorption capacity. Previous studies conducted using naphthalene, as the 
targeted analyte within the solution, provided the information on MIPs adsorption capacity 
and the evaporated amount of the matrix in the solution. Here, some gaps in knowledge 
were observed, requiring more studies to be performed on other PAHs, that are not as 
volatile as naphthalene. Moreover, the information on MIPs behaviour with a single analyte 
is required in order to discuss their operation in samples containing a mixture of PAHs. 
 
The results show that the capacity and recovery of MIPs are unaffected with a change 
in salinity or temperature; however, they do operate best at a pH of 7.0. This can be 
explained through the polarity increase of organic material with an increase in pH, leading 
to a lower affinity for hydrophobic compounds. Likewise, a higher pH could increase water 
mineral dispersion, resulting in more dissociated water minerals and organic matter. These 
incidents neutralize each other, with considering pyrene molecule dispersion in the solution 
as well [154]. This study is a novel one in adsorption chemistry that needs to be delved 
more by applying different polymer materials to the experiments, to observe the possible 
reactions between the monomer and acid/base. Also, different types of acid and base are 
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suggested to be used to measure the level of pH effect on the reactions and adsorption 
capacity. 
 
Regarding the salinity study, as mentioned earlier, when there are more ions within 
the solution, more surface of the sorbent would be occupied by them, and less capacity will 
be left for pyrene to be adsorbed. Over the temperature experiments, the MIPs function 
does not change severely in varying temperatures. Conducting more experiments with 
different initial concentrations of the adsorbent (pyrene) is suggested for future work, as it 
affects the solubility of pyrene in water which leads to more adsorbent mass in the solution. 
 
For the batch experiments, the time dependence of sorptive uptake of pyrene was 
observed by measuring the decrease in aqueous concentration over approximately 6 hours, 
which is the approximate time of equilibrium. At the conclusion of each experiment, there 
was at least a 50% recovery of MIPs as compared to the initial values of pyrene. This 
assured that a significant capacity of the films had been reached; however, the assumption 
that some adsorption sites might be occupied by something else than pyrene should be 
considered. Factors such as an affection of mobility of pyrene in water solution should also 
be undertaken as the reasons behind observed behaviors. 
 
The dispersion of MIPs in water plays an important role in their adsorption 
performance toward pyrene in the aqueous phase, that can be associated with their 
incorporation of hydrophilic functional monomer 4-VP, as well as the high surface area of 
MIP, and their excellent dispersion in aqueous solution, along with strong interaction 
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between pyrene and MIPs which is not disturbed by water molecules [155]. Studies of the 
pore surface areas of the adsorbent relative to the weight of the sorbent and affinity which 
is highly dependant on the molecular characteristics of the adsorbate in the fluid are 
suggested for future work [156]. These characteristics include size, shape, and polarity, the 
partial pressure or concentration in the fluid, as well as the system conditions, such as the 
temperature. 
 
Moreover, to study the feasibility of real scale sampling, an experiment was 
conducted including 18 MIPs, with the result operating well with the PFO model, similar 
to small-batch scale samples. Comparing the results from this experiment and the batch 
ones, the maximum capacity was not reached, as it is still increasing. Hence, the first step 
for future work would be to reach equilibrium in order to validate the isotherm data and 
studies in this section. 
 
Molecular imprinting is a promising technique for designing smart materials 
containing molecular recognition properties involving copolymerization of functional and 
cross-linking monomers in the presence of a template molecule and a suitable porogenic 
solvent, with the further process of template removal. Hence, future work should be 
allocated to testing these MIPs for various sampling environments, such as a blood 
environment, produced water, or any type of oil spills requiring specific contamination 
detection and measurement, through the versatile approach for the fabrication of high- 
performance MIPs for application in aqueous environments provided in this work. To 
evaluate the effectiveness of MIPs for adsorption of pyrene from the aqueous phase, the 
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adsorption capacity and equilibrium time can be investigated at different temperatures, with 
the resulted in the adsorption kinetic curves, indicative of mass transfer rates and 
recognition sites. With the same results obtained, the standard free-energy change (ΔG°), 
the standard enthalpy change (ΔH°) and the standard entropy change (ΔS°) can be 
calculated from the temperature-dependent adsorption isotherms providing in-depth 
information on the internal energy changes concerning adsorption. 
 
This study has taken advantage of the adsorption process utilizing the tendency of a 
component of a solution to be collected on the surface of a solid sorbent, with the objective 
of purifying valuable feed stream and waste treatment, as the later future works. 
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